Lactobacillus kunkeei is an inhabitant of fructose-rich niches and is a potential member of the fructophilic lactic acid bacteria. In the present study, the phylogenetic and biochemical characteristics of the type strain and eight isolates of L. kunkeei, originating from wine, flowers and honey, were studied. The nine isolates, including the type strain, formed a well-defined phylogenetic subcluster based on the analysis of 16S rRNA gene sequences. The subcluster was not closely related to other subclusters in the Lactobacillus phylogenetic group. Biochemically, the eight new isolates showed typical fructophilic characteristics. The eight isolates grew poorly on glucose, but grew well on fructose. Good growth on glucose was only recorded in the presence of electron acceptors. The type strain of L. kunkeei differed from the other isolates only on the basis of poor growth on fructose. Although they belong to a group of obligately heterofermentative lactic acid bacteria, all nine isolates, including the type strain, produced almost equimolar amounts of lactic acid and acetic acid and very little ethanol from glucose. Eight of the isolates can thus be regarded as typical 'obligately' fructophilic lactic acid bacteria. Although the type strain of L. kunkeei was phenotypically slightly different from the other isolates, it possessed several important fructophilic characteristics. On the basis of the evidence gathered in this study, the type strain of L. kunkeei is recognized as a member of the 'obligately' fructophilic lactic acid bacteria.
Fructophilic lactic acid bacteria are a group of lactic acid bacteria that prefer fructose as a growth substrate and do not grow well with glucose (Endo et al., 2009) . Several interesting characteristics have been reported for these organisms. Fructophilic lactic acid bacteria grow very weakly on glucose as the sole carbon source, but are able to grow very well on glucose in the presence of external electron acceptors such as oxygen, pyruvate and fructose (Endo & Okada, 2008; Endo et al., 2009) . Biochemically, they belong to the obligately heterofermentative lactic acid bacteria, but they produce almost equimolar amounts of lactic acid and acetic acid and very little ethanol from glucose. Only a few carbohydrates are fermented and the species are grouped as either 'obligately' or facultatively fructophilic (Endo et al., 2009) . The two groups are differentiated based on their growth on glucose and their ethanol production from glucose. To date, Fructobacillus durionis, F. ficulneus, F. fructosus, F. pseudoficulneus and a recently described species, F. tropaeoli, have been classified as 'obligately' fructophilic lactic acid bacteria (Endo & Okada, 2008; Endo et al., 2011) . Lactobacillus florum is facultatively fructophilic (Endo et al., 2010) . Lactobacillus kunkeei, isolated from flowers, also displayed several fructophilic characteristics and has recently been characterized as an 'obligately' fructophilic lactic acid bacteria (Endo et al., 2009) .
L. kunkeei, originally isolated from fermenting wine, was identified as a novel species by phylogenetic analysis based on 16S rRNA gene sequences (Edwards et al., 1998) . DNA-DNA hybridization studies and determination of the DNA 3These authors contributed equally to this work.
The GenBank/EMBL/DDBJ accession numbers for the 16S rRNA gene sequences of the L. kunkeei isolates investigated in this study are listed in Table 1 .
Two supplementary figures are available with the online version of this paper.
G+C content of the novel strain were not conducted in the original study. The species was not well characterized biochemically and the fructophilic characteristics of the species were not mentioned (Edwards et al., 1998) . Therefore, it is not clear whether fructophilic characteristics are common to all isolates of L. kunkeei that inhabit various different niches. In the present study, the genotypic and biochemical characterization of several L. kunkeei isolates is discussed.
Eight isolates of L. kunkeei derived from wine, flowers and honey in South Africa and Japan were included in the present study (Table 1 ). The strains used in this study were obtained from the NODAI Culture Collection Center (NRIC), Tokyo University of Agriculture, Japan, and from the Institute for Wine Biotechnology (IWBT), University of Stellenbosch, South Africa. L. kunkeei DSM 12361
T was used as a reference strain. The isolates were pre-cultured in MRS broth (Biolab Diagnostics) under aerobic conditions by shaking on an orbital shaker (120 r.p.m.) for 24 h at 30 uC, unless otherwise indicated.
The 16S rRNA gene sequences of the eight isolates were determined according to a previously described method (Endo & Okada, 2005) . The 16S rRNA gene sequence of the type strain of L. kunkeei was retrieved from the NCBI database. The closest recognized relatives of the isolates were determined by performing searches in the NCBI database and the sequences of closely related species were retrieved from GenBank/EMBL/DDBJ. The neighbour-joining, maximum-likelihood and maximum-parsimony methods were used to construct phylogenetic trees as described previously (Endo & Okada, 2006) . Approximately 1400 bp of the 16S rRNA gene sequence of each L. kunkeei isolate and those of related species were used to construct the phylogenetic trees. The 16S rRNA gene sequence similarity between the eight new isolates was over 99.9 % and they shared more than 99.8 % gene sequence similarity with L. kunkeei DSM 12361 T . None of the other related species shared 16S rRNA gene sequence similarities higher than 95 % with the eight new isolates. The nine isolates, including L. kunkeei DSM 12361 T , formed an independent subcluster in the Lactobacillus phylogenetic group when analysed using the neighbour-joining method (Fig. 1) . Identical tree topologies were obtained by using the maximum-likelihood and maximum-parsimony analyses (data not shown).
The levels of DNA-DNA relatedness between the eight isolates and L. kunkeei DSM 12361 T , and the DNA G+C contents of the nine isolates were determined according to the methods described by Endo & Okada (2006) . Extraction and purification of bacterial DNA was performed according to the method of Marmur (1961) , as modified by Ezaki et al. (1983) . The eight isolates showed high levels of DNA-DNA relatedness to L. kuunkeei DSM 12361 T (ranging from 77 to 99 %). Based on this result, it was concluded that the eight new isolates were additional strains of L. kunkeei. The DNA G+C contents of the nine isolates ranged from 36 to 37 %.
Morphological, physiological and biochemical characteristics of the nine isolates were determined using previously described methods (Endo et al., 2009) . Detailed characteristics of the isolates are given in the species description. The eight isolates produced acids from only four or five of the carbohydrates tested (Table 2 ). The isolates fermented fructose faster than glucose and produced acids from fructose within 1 to 2 days. The production of acids from glucose took 3 to 4 days. This is a typical characteristic of 'obligately' fructophilic lactic acid bacteria. Strain DSM 12361 T fermented eight carbohydrates. Glucose fermentation took 5 days and fructose fermentation took 7 days. All nine isolates produced acids from sucrose and most isolates fermented mannitol and trehalose.
The growth characteristics of the L. kunkeei isolates were determined as described previously (Endo et al., 2009 ). All of the isolates grew well on fructose but poorly on glucose (see Supplementary Fig. S1a and b in IJSEM Online). However, the isolates grew very well on glucose in the presence of 1 % pyruvate or under aerobic conditions with shaking (Supplementary Fig. S1b) , suggesting that the isolates needed external electron acceptor(s) for the metabolism of glucose. This correlated well with the definition of 'obligately' fructophilic lactic acid bacteria (Endo et al., 2009 (Endo et al., , 2011 . In contrast, strain DSM 12361 T grew very slowly on glucose and on fructose ( Supplementary Fig. S1a ). The strain took 5-7 days to grow on both substrates. Growth of the type strain DSM 12361 T on Supplementary Fig. S1a ). Interestingly, although the type strain grew very slowly on glucose or on fructose, the strain grew well in co-fermentation of glucose and fructose. Mannitol was produced from fructose. This means fructose was used as an electron acceptor in the cofermentation. Moreover, whereas strain DSM 12361 T grew well on glucose under aerobic conditions, it grew weakly on fructose under aerobic conditions ( Supplementary Fig. S1a ), suggesting that fructose is very weakly fermented. The possible reason for these interesting results may be attributed to the phosphoenolpyruvate-sugar phosphotransferase (sugar PTS) of fructose. Lactobacilli usually have two systems for the uptake of fructose, which are fructose-PTS for utilization of fructose as a substrate and fructose permease for utilization of fructose as an electron acceptor (Akinterinwa et al., 2008) . A fructose/mannitol-specific transporter is usually found in several lactobacilli (Taranto et al., 1999) . As strain DSM 12361 T used fructose as an electron acceptor but weakly as the substrate, the strain may have a very weak fructose/mannitolspecific transporter activity for PTS. Mannitol dehydrogenase, which acts as an electron acceptor for fructose (Liu et al., 2005; Sasaki et al., 2005) , is not related to PTS (Akinterinwa et al., 2008) . All L. kunkeei isolates produced gas from D-glucose, but produced almost equimolar amounts of lactic acid and acetic acid, and very little ethanol (at a molar ratio of 1 : 0.9-1.2 : 0.005-0.01, respectively). These characteristics are unique in the group of obligately heterofermentative lactic acid Sucrose  6  3  3  2 2  2  3  3  3  Trehalose  8  -3  -3  3  -3  3 bacteria, but correlated well with the characteristics of 'obligately' fructophilic lactic acid bacteria, including Fructobacillus species (Endo & Okada, 2008; Endo et al., 2009 ).
All nine isolates, including the type strain, grew well on MRS agar under aerobic conditions, and colonies on MRS agar were approximately 1-2 mm in diameter after 2 days of incubation ( Supplementary Fig. S2a ). However, the isolates grew weakly on MRS agar under anaerobic conditions provided by means of a gas generating kit (Anaerobic System BR0038B; Oxoid Ltd), and colony sizes were approximately 0.1-0.2 mm in diameter after incubation for 2 days ( Supplementary Fig. S2b ). These characteristics were not in accordance with the usual characteristics of the genus Lactobacillus, but were consistent with those of fructophilic lactic acid bacteria (Endo et al., 2009 (Endo et al., , 2011 .
In conclusion, the eight new isolates of L. kunkeei were found to be typical 'obligately' fructophilic lactic acid bacteria. As far as the authors are aware, this is the first study to demonstrate the presence of fructophilic lactic acid bacteria in wine. Strain DSM 12361 T appeared to be an atypical strain of the species and revealed slightly different characteristics when compared with the eight other isolates. However, the type strain showed several typical fructophilic characteristics, such as enhanced growth on glucose in the presence of electron acceptors, including fructose, and little ethanol production from glucose. These are important characteristics of fructophilic lactic acid bacteria. It is thus safe to conclude that L. kunkeei belongs to the group of 'obligately' fructophilic lactic acid bacteria. Several characteristics not presented in the original description of L. kunkeei were investigated in the present study and an emended description of the species is proposed. Edwards et al. 1998 Lactobacillus kunkeei (N.L. gen. n. kunkeei of Kunkee, named after Ralph E. Kunkee, University of California, Davis, CA, USA, for his contributions to the microbiology of wines).
Emended description of Lactobacillus kunkeei
Cells are Gram-positive, non-motile rods approximately 0.561-1.5 mm. Cells occur singly or in pairs and in chains. Facultatively anaerobic and catalase-negative, but catalase activity is found in cells grown in the presence of haem. Obligately fructophilic lactic acid bacteria and external electron acceptors, such as pyruvate, oxygen and fructose, enhance growth on glucose. Colonies on MRS agar are white, smooth and approximately 1-2 mm in diameter under aerobic conditions, but approximately 0.1-0.2 mm in diameter under anaerobic conditions after incubation for 2 days at 30 u C. In liquid broth, growth on glucose is very weak, but, usually (except for the type strain), growth on fructose is rapid. External electron acceptors such as pyruvate and oxygen enhance the growth of the strains. The strains produce almost equimolar amounts of lactic acid and acetic acid and trace amounts of ethanol. D-and L-lactic acid are produced at a ratio of 2 : 8. Gas is produced from glucose. Mannitol is produced from fructose. Nitrate is not reduced. Ammonia is not formed from arginine. Acid is produced from D-fructose, D-glucose and sucrose. Acid production from D-galactose, mannitol, melibiose, trehalose and potassium gluconate (weakly) are strain dependent. Acid is not produced from L-arabinose, D-arabitol, Nacetylglucosamine, maltose, ribose, D-arabinose, L-arabitol, adonitol, amygdalin, arbutin, cellobiose, dulcitol, aesculin, erythritol, D-fucose, L-fucose, b-gentiobiose, 2-and 5-ketogluconate, methyl a-D-glucoside, glycerol, glycogen, inositol, inulin, D-lyxose, D-mannose, methyl a-D-mannoside, melezitose, raffinose, rhamnose, salicin, starch, sorbitol, L-sorbose, D-tagatose, turanose, xylitol, L-xylose, methyl b-xyloside, lactose or D-xylose. Dextran is not produced from sucrose. Strains grow at 15 u C, but not at 45 u C. Cells usually grow at pH 4.5-6.8 (5.5-6.8 for the type strain). The cell-wall peptidoglycan is A4a type (L-Lys-D-Asp). The DNA G+C content ranges from 36 to 37 mol%.
The type strain is YH-15 T (5ATCC 700308
. The species inhabits fructose-rich niches, e.g. wine, flowers, honey and fruits.
